This study represents a detailed DFT periodic-slab study on the interaction between atomic chlorine and the Fe(100) surface. Energetic and structural parameters are calculated for wide ranges of coverages corresponding to top, bridge and hollow pure on-surface adsorptions. Calculated chemisorbed energies are found to increase gradually with the degree of coverage. Formation of iron chlorides via substituational adsorption is predicted to be not feasible in view of calculated chemisorptions energies. This finding is in line with earlier experimental measurements with regard to the absence of chlorine diffusion into bulk Fe. Sublimation energies for FeCl2 and FeCl3 are estimated and discussed to elucidate fate for chlorine-iron thin layer. A stability temperature-pressure diagram is constructed for a wide range of chlorine chemical potentials to mimic real operational conditions.
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Introduction
Due to its high reactivity, surface chemistry of metallic iron has been a subject of great deal of research in terms of its catalytic, oxidative and corrosive properties.
Understanding of gaseous-solid interactions on iron surfaces is of prominent industrial and environmental applications as evident in metallurgical processes 1 and removal of organic pollutants. 2 Chemisorptions of various species on iron surfaces were thoroughly investigated.
Common examples include O2, 3 H2O, 4 and CO. 5 In particular, interest in adsorption of chlorine on iron surfaces stems from the fact that chlorinated hydrocarbons are often employed as additives to lubricants. As a model of these chlorinated hydrocarbons, it has been demonstrated that carbon tetrachloride (CCl4) adsorbs dissociatively on iron surfaces to form a thin film of chlorine overlayers together with CCl2 fragments and unidentified forms of iron chlorides. 6 While the adsorption of chlorine on the low-index copper surfaces was investigated in details, [7] [8] [9] there have been a few studies on the chemisorptions of chlorine on iron surfaces.
The pioneering work by Dowben and Jones 10 found that interaction of chlorine with Fe(100) ceased upon the formation of a chemisorbed layer that corresponds to a c(2 × 4) pattern. They concluded that chlorine atoms do not diffuse into bulk iron to form iron chlorides. In contrast, Hino and Lambert, 11 found that low-pressure interactions of chlorine with Fe(100) continue to form FeCl2 bulk. Their thermochemical analysis indicated a preferential desorption of FeCl2 rather than FeCl and Cl. The behaviour of iron and chlorine system was observed to be in line with the behaviour of many bcc transition metals toward chlorine. A recent theoretical study by Pick 12 studied the co-adsorption of chlorine and oxygen on the ferromagnetic Fe(100) surface. Adsorption energies were calculated for low (Θ = 0.25) and high (Θ = 1.00) coverages of chlorine adatoms on hollow sites. A significant discrepancy in the adsorption properties between O and Cl adsorbates was rationalised in view of the difference in their electronic properties. Similar observations were also obtained for the co-adsorption of H2O
and Cl on the Fe(100) surface.
13
A micro-scale description of chlorine adsorption on iron surfaces necessitates considering real operational conditions of various temperatures and pressures.
Experimentally, this could be achieved by carrying out accurate in situ measurements under In this study, we present a comprehensive density functional theory (DFT) periodic slab model investigation into the behaviour of chlorine chemisorption on a clean Fe(100) surface. A number of structural, energetic and structural properties are estimated for onsurface and sub-surface substituational adsorption over a wide range of chlorine coverages.
Stability thermodynamic phase diagram is established for all plausible chlorine-Fe(100) configurations. Results herein will be instrumental to understand the behaviour of chlorine adsorption on iron surfaces. For instance, calculated values will enable to elaborate on the experimental finding that the maximum possible coverage for chlorine on the Fe(100) surface was found to amount to 0.74.
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Computational Details
Total energies and structural optimisations were carried out using Vienna ab initio simulation package (VASP). 15 Spin polarised PAW-GGA 16 is used for all calculations. It has been shown that the use of PAW-GGA is essential to satiosfactorily desribe the ferromagnaetic nature of Fe. 17 5-layers slab is used in the calculations in which the three topmost layers where allowed to relax while fixing the bottom two layers at their bulk positions.
Test on one structure (B-0.25) using a seven-layers slab while allowing the five top most layers to relax change the binding energy of this structure by only 48.2 meV (1.21 %).
Calculations are carried out deploying an energy cut of 400 eV and auomatic generation of kpoints using a monkhorst-pack of 4 × 4 × 1. Test on one structure (B-0.25) with an energy cut off at 600 eV and 6 × 6 × 1automatic generation of k-points changes its total energy by only 
To establish a relation between values of Eb and the effect of varying temperature and partial pressure of chlorine, the apparoch of ab initio atomistic thermodynamics is applied to generate a stability T-P phase diagram for all possible configurations. Detailed descriptions of this methodology are given in many recent studies. 14, 18 In the final governing equation, the surface Gibbs free energies of adsorption ( ads  ) are estimated as: 21 Zhang et al. 21 attributed this observation to a volume-induced magnetic transition occuring at an elongation of about 2% lattice constant. Estimated relaxations and magnetic moments for the first layers of the Fe(100) surfrace are given in Table 2 with a comparsion with other avilable literature values. [23] [24] [25] As given in Tables 1 and 2, our calculated properties for bulk Fe and Fe(100) surface are in good agreement with other theoretical and experimental values.
Energies and structural parameters for on-surface and substituational adsorptions
The Fe(100) surface contains three distinct on-surface adsorption sites; namely top (T), bridge (B) and hollow (H). These sites are shown in Figure 1 .We consider Cl/Fe (100) configurations at coverages varying from 1/9 to 1 ML for the three adsorption modes.
Additionally, we consider mixed combinations (M) of B and H sites for coverages of 0.5, 0.75 and 1 ML. Eb and Echem energies are given in Table 3 12 , who found that the adsorption of chlorine on a hollow site at a coverage of 0.25 ML is more prefered than the lower coverage of 0.1 ML. Pure H and B 7 adsorption modes are more prefered than adsorption at M and T positions at all coverages.
Overall, a stability ordering of (B, H) > M > T is deduced based on values in Table 3 . It should be noted that due to the repulsion forces between negatively charged chlorine atoms, not all chlorine atoms are adsorbed in their optimal H or B sites at Θ ≥ 0.5 ML . An analogous behaviour was also observed previously for the system of Cl/Cu(111). 7 A summary of most prominent geometrical features for all on-surface Cl/Fe (100) configurations is given in Table 4 decreases gradually as the degree of chlorination increases. As shown in Table 4 , relaxation between the first and second Fe layers (d12(%)) significantly enlarges at a full coverage. As atoms is found to amount to 3.500 Å. This distance is close to the corresponding experimental value of 3.320 Å.
In addition to pure on-surface adsorption, we also consider substituational adsorption modes that signify coverages of 0.25 ML, 0.50 ML, 0.75 ML, 1.00 ML and 2.00 ML. These coverages correspond to configurations of S1/S6, S2, S3, S4 and S5 respectively. Figure 2 depicts structures for S1-S6 substituational configurations. In structures S1-S4 and S6, chlorine atoms substitute first and second Fe atoms layers; respectively. In structure S5, all Fe atoms in the first and third layers are replaced with Cl atoms. The first three layers of S5 configuration resemble an FeCl2 surface along the low-index orientation of (100). The surface chlorine atom shown in structure 6 (Figure 2 ), was initially positioned in the second layer as a subsurface adsorption. However, the final equilibrium configuration resulted in a vacant Fe site in the second layer and the surface adsorption of the substituted chlorine atom as shown in the side view of S6. Table 5 gives Echem energies and descriptions for substitutional configurations. According to Echem trend in Table 5 , the thermodynamic prefarability toward substitutational adsoroptions remarkably decreses with the number of substituted Fe atoms. As dedcuced from Echem values for S1 and S6, subsurface substitution is less preferred than on-surface substitution, i.e.; -2.16 eV versus -1.33 eV. Figure 3 , the highest possible prefered coverage is 0.5 ML. After this coverage, the magnitute of Echem decreses gradually, however, the adsorption process is still exothermic even at a coverage of 1 ML. Our estimation for the height possible coverage, i.e; 0.50 ML, is lower than the correponding experimental finding of ~ 0.75 ML. The broad conculsion from Figure 5 is that the formation of iron chlorides, i.e.; as in the S5 streucture, via Fe susbtitution is significantlly less thermodynamically prefered than pure on-surface Cl adsorptions. This observation is consistent with the early experimentally work of Dowben and Jones 10 with regard to the absence of chlorine diffusion into bulk Fe.
The fate of Chlorine-Iron thin layer
Desorption of species from chlorinated Fe(100) surface was a subject of experimental investigation. Hino and Lambert 11 exaplained that heating of chemisorbed Cl/Fe (100) overlayer results in the concurrent evaporation of FeCl2 dimers rather than FeCl or Cl atoms.
By deplying a thermodynamic cycle that incorporates atomisation and sublimation energies of relevant species, they showed that FeCl2 desorption is strongly prefered over chlorine molecule desorption. They concluded that the behaviour of iron toward chlorine is consistent with the behaviour of other transition metals. The early experimental work by Dowben and Jones 10 suggested that chlorine adsorption on Fe(100) surface occurs without the formation of any iron chlorides. To get an insight into the fate of chemisorbed Cl/Fe(100) layer, we calculate in Figure 4 As shown in Figure 4 , desorption of Cl and Cl2 is predicted to incur significantly less thermodynamic penality than evaporation energies pretinent to sublimation of FeCl3 (4.12 eV), FeCl2 (3.78 eV) and FeCl (3.50 eV). Our calculated value for the desorption energy of FeCl2 is in a relatively good agreement with the experimental sublimation energy of a pure FeCl2, i.e.; 5.11 eV. 26 Calculated values in Figure 6 supports partially the expeimental findings of Dowben and Jones 10 with regard to the preferential desorption of chlorine and the absence of of iron chlorides formation. Chlorine atoms desorption was also found be the sole decomposition channel in Cl/Cu(111) system. Correponding results from previous CCSD theoretical predictions 28 are also presented for comparison. Values in Figure 5 supports the general energrtic trend that Fe-Cl bond in FeCl2 molecule is significantly stronger than Fe-Cl bonds in FeCl3 and FeCl molecules. 28 Thus, any desorbed FeCl2 molecules are likely to be long-lived species while a relatively weaker bond in FeCl may results in its rapid dissotiation into Fe and Cl atoms. FeCl2 could also form via addition of chlorine atoms to FeCl molecules. Figure 6 shows the surface free energies as a fuction of chlorine chemical potential.
Surface energies of Cl/Fe(100)
Pressure-temperture bar lins are presented for T=800, 900 and 1000 K for a very wide ranges of pressures. The choice of these particular temperatures stems from the fact that they simulate high-temperatures interactions of chlorine atoms with the Fe(100) surface in relevance to chlorination of organic pollutants. 29 Though, surface free energies could readily be established for any combination of temperatures and pressures based on Echem values given in Tables 3 and 5 . Clearly, the stability trend depends strongly on the applied chemical potential. The variation of the most thermodynamic configuration from 1/9 to 1.00 is partially in line with experimental measurements that the maximum possible coverage of chlorine on Fe(100) surface amount to 0.74. However, it should be noted that formation of Cl/Fe(100) is most likely to be also governed by kinetic factors such as etching. All substituational adsorption structures (S1-S6) are thermodynamically less stable than their corresponding pure surface adsorption at a given coverage. In an analogy to the system of Cl/Cu(100), surface energetics for substituational adsorptions shows more variation than their corresponding pure surface structures at a given coverage. 9 This can be inferred by comparing stability lines for S1 and S2 with their corresponding pure surface adsorptions of B-0.25 and B-0.50; respectively. As discussed above, combining surface and sub-surface adsorptions results the formation of the S5 structure with coverage of 2.00 ML. The S5 structure resembles closely a FeCl2(100) surface terminated with chlorine atoms. The very low thermodynamic stability of S5
indicates that formation of a FeCl2 bulk is not feasible from a thermodynamic perspective.
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